Kinetoplastid membrane protein-11 (KMP11) is a membrane-associated surface protein of kinetoplastids, which has a strong antigenicity but no mammalian homolog, thus representing a promising vaccine candidate. Here, by CD and NMR, we revealed that in buffer, KMP11 assumes a highly helical conformation without stable tertiary packing. Remarkably, upon interacting with dodecylphosphocholine (DPC) micelle, despite minor changes in secondary structures, KMP11 undergoes rearrangements to form a defined structure. We found that its three-dimensional structure unexpectedly adopts the classic four-helix bundle fold. The surface constituted by the N-/C-termini and conserved loop was characterized to dynamically interact with the polar phase of DPC micelle. Our results provide a structural basis for understanding KMP11 functions and further offer a promising avenue for engineering better vaccines.
Kinetoplastid membrane protein-11 (KMP11) is a 92-residue (11-kDa) membrane-associated protein located on the cell surface of kinetoplastids that is highly conserved among different species and subspecies of kinetoplastids including Leishmania, African and American trypanosomes [1] . Kinetoplastid parasites are associated with a variety of diseases such as recurring neoplasia and malignant tumors of other tissues types, and~5% of untreated cases died [1] [2] [3] [4] [5] . While KMP11 does not exist in any nonkinetoplastids, it abundantly exists in cell membrane of kinetoplastids, with the estimated copy number of 1-2 9 10 6 molecules per parasite [1, 6] . KMP11 was first found associated with lipophosphoglycan (LPG) in Leishmania donovani [6, 7] , and further studies show that KMP11 is associated with membranes [8], bound to microtubule and localized to basal body and flagellum of kinetoplastids [9] . Furthermore, it is also associated with other proteins that are crucial for replication of kinetoplastids [9, 10] . KMP11 also induces increase of interleukin-10 production which in turn enhances Leishmania to infect macrophages [10] . Interestingly, the binding of KMP11 to lipid rafts on membrane surfaces of macrophages appears to help initiate the entry of Abbreviations DHPC, dihexanoylphophatidylcholine; DMPC, dimyristoylphosphatidylcholine; DPC, dodecylphosphocholine; KMP11, kinetoplastid membrane protein-11; LPG, lipophosphoglycan; PRE, paramagnetic relaxation enhancement.
kinetoplastids into macrophages [11] and KMP11 is a key protein that meditates kinetoplastids' entry into macrophages [12] . While antibodies to KMP11 have been found in infected individuals [1, 6, 7 ,13], KMP11 may be inaccessible to antibodies because it could be associated with membranes, or/and other proteins such as procyclin/ PARP/GARP on membrane surface of trypanosomes [1, 14, 15] or LPG on the membrane surface of Leishmania [7] . Interestingly, kinetoplastid parasites could prolong their survival by inhibiting antigenic exposure of their membrane-surface proteins including KMP11 by increasing the membrane fluidity of macrophages [16, 17] . Nonetheless, extensive efforts have identified KMP11 to be a promising candidate for a vaccine for both Leishmaniasis [2,18] and Chagas's disease [19, 20] . Unfortunately, except for the modeling models of KMP11 showing that KMP11 is composed of two long amphipathic helices linked by a loop [12, 21, 22] , whether it folds into a defined three-dimensional structure remains unknown so far. This knowledge gap significantly retards our understanding of the molecular mechanisms underlying KMP11 functions, as well as development of efficient vaccines against kinetoplastid parasites.
Here, we first characterized the conformation of KMP11 in aqueous buffer by CD and NMR spectroscopy, and the results indicate that despite assuming a highly helical conformation, it has no stable tertiary packing and only~20% of HSQC peaks were detectable for the backbone amide protons, thus preventing from further efforts in determining its structure in aqueous buffer. However, as KMP11 has been extensively identified to be associated with membranes [10,12], we further characterized the conformations of KMP11 in dodecylphosphocholine (DPC) micelle and bicelle composed of dimyristoylphosphatidylcholine (DMPC) and dihexanoylphophatidylcholine (DHPC). Remarkably, upon interacting with DPC micelle, a commonly utilized membrane mimetic for NMR structure determination of membrane proteins, KMP11 appeared to undergo rearrangements to form a defined structure and the NMR HSQC peaks of almost all residues were detectable, which thus allow our successful determination of the first three-dimensional structure of KMP11 in DPC micelle. Unexpectedly, KMP11 adopts the classic four-helix bundle fold in which hydrophobic residues of the amphipathic helices are buried to form a core to stabilize the packing of four helices together in an antiparallel manner. The KMP11 structure provides a critical basis for understanding the functional interactions of KMP11 with other partners including membranes, and also offers a key foundation to develop efficient vaccines to treat infections caused by these kinetoplastid parasites.
Materials and methods

Preparation of protein samples
Sequence alignment of KMP11 proteins from different kinetoplastids was achieved by using CLUSTAL [23] . The hydrophobicity values were calculated with Kyte & Dolittle hydrophobicity scale with an averaged scanning window of seven residues from N 0 to C 0 of KMP11 [24] , while the amphiphilicity values also known as hydrophobic moment were calculated in the same scanning manner, with the formula as previously established [25] . The gene encoding KMP11 (Trypanosomes Cruzi) was cloned into pET15b vector, and subsequently transformed into Escherichia coli BL21 (DE3) cells (Novagen) for overexpression. The recombinant KMP11 was highly overexpressed and found in the supernatant. Subsequently, the recombinant protein was first purified by Ni 2+ -affinity column under native conditions in 20 mM phosphate buffer at pH 8.5 with 150 mM NaCl. The His-tag was removed by in-gel cleavage with thrombin and subsequently the cleaved KMP11 was further purified by FPLC size-exclusion chromatography with a Superdex-75 column. C-double labeling as we previously conducted [26] . The concentration of KMP11 samples was determined using its UV absorbance in the presence of 8 M urea [27] .
CD and NMR experiments
Circular dichroism samples of KMP11 at a protein concentration of 20 lM were prepared in 20 mM phosphate buffer at pH 6.8. CD experiments were performed at 25°C on a Jasco J-1500 spectropolarimeter (Easton, MD, USA, https://jascoinc.com/). Far-UV CD spectra were collected in 1-mm curvette while near-UV CD spectra were in 10-mm curvette to increase the absorbance to obtain highquality near-UV spectra. The spectra were averaged from three independent scans.
For CD spectra of KMP11 titrated with DPC or DMPC/DHPC bicelle, the contribution of DPC micelle or bicelle was removed by subtracting the CD spectra of DPC micelle or bicelle in the buffer at corresponding concentrations without KMP11. The bicelle composed of DMPC and DHPC was prepared as previously described [26, 28] .
NMR samples were prepared in the same buffer. NMR experiments of KMP11 were acquired on an 800 MHz Bruker Avance spectrometer (Germany, https://www.bruke r.com/) equipped with pulse field gradient units as described previously [26] . [30] . Fifty initial structures of KMP11 in DPC were calculated using CYANA [31] . Fifteen lowest target-function CYANA structures without any NOE violation > 0.5 A and dihedral angle violation > 5 degree were selected for further structural refinement through energy-minimization using Amber99sb-ildn force field with GROMACS version 4.5.3 [32] . Quality check of these refined structures was done with PROCHECK-NMR [33] and the structures were visualized with PYMOL (The PyMOL Molecular Graphics System, Version 0.99rc6 Schrodinger, LLC, CA, USA, https://pymol.org/2/).
Results
Sequence analysis and conformation of KMP11 in aqueous buffer
The primary sequences of KMP11 from all kinetoplastid parasites involved in human diseases (Leishmaniasis and Chagas' disease) are highly conserved (Fig. S1A) , thus implying that the functions of KMP11 may be similar across all kinetoplastid parasites. Secondary structure prediction of the KMP11 (Trypanosomes Cruzi) sequence with PSIPRED [34] suggested that it consists of two long amphiphilic helical regions with a random coil region between F30 and P42 ( Fig. S1B) , which is consistent with previous models [12, 21, [35] [36] [37] . It is very interesting to note that the predicted loop region F30-P42 is one of the highest evolutionarily conserved regions (Fig. S1A,B) . Furthermore, the majority of the KMP11 sequence is characterized by the low (negative) hydrophobicity and high amphiphilicity (Fig. S1C) .
The recombinant KMP11 protein has a far-UV CD typical of an a-helical-dominant protein (Fig. 1A) , completely consistent with previous CD results of KMP11 [19, 37] . Interestingly, it also has a small near-UV CD signal at 275 nm (Fig. 1B) , implying that KMP11 has tertiary packing to some degree. Consistent with the near-UV CD result, KMP11 in aqueous buffer manifests several up-field peaks in the onedimensional NMR 1 H spectrum (Fig. 1C) , which comes from stacking interaction of aromatic side-chain with methyl protons (from bulky aliphatic side-chains). The near-UV and 1D NMR results together imply that KMP11 in aqueous buffer might have tertiary packing over some regions to certain degree, which is further evident from two-dimensional NMR HSQC spectrum with large spectral dispersions ( 1 H of~1.6 p.p.m. and 15 N of~17.8 p.p.m.) (Fig. 1D ). The presence of tertiary packing as indicated by our CD and NMR results is consistent with the previous thermal unfolding study showing that KMP11 had a cooperative unfolding [37] .
On the other hand, the up-field 1D NMR signals ( Fig. 1C ) and HSQC peaks ( Fig. 1D ) are very broad and consequently only~20% HSQC peaks of KMP11 backbone amide protons could be detected. We thus collected 1D spectra of KMP11 at two magnetic fields: namely 800 (Fig. S2A ) and 600 MHz (Fig. S2B) . Interestingly, over the 0-0.8 p.p.m. region where the NMR signals are from the methyl groups, one NMR signal is better-separated at 800 MHz than at 600 MHz, while several other NMR signals are better-separated at 600 MHz than at 800 MHz. This implies that the disappearance of the majority of HSQC peaks is due to both formation of large oligomers of KMP11 in aqueous buffers as previously observed [37] , and lsms conformational exchanges or/and self-association. As such, further high-resolution NMR characterization was not possible for KMP11 in aqueous buffer.
Interactions of KMP11 with DPC micelle and DHPC/DMPC bicelle KMP11 is a membrane-associated protein and it has been previously shown to interact with several types of lipid mimetics including liposomes [12, 36] . Therefore, here by CD and NMR spectroscopy, we further investigated the interactions of KMP11 with DPC micelle. Interestingly, additions of DPC micelle up to a molar ratio of 1 : 300 (KMP11 : DPC) only induced slight changes of ellipticity at~222 nm of the CD spectra (Fig. 1A) . This clearly suggests that only minor changes in secondary structures occur upon the interaction of KMP11 with DPC micelle. On the other hand, upon adding DPC micelle even at a molar ratio of 1 : 50 (KMP11 : DPC), its near-UV signal shifted from 275 to 268 nm with an increased intensity (Fig. 1B) , implying that the interaction with DPC micelle led to rearrangements of the tertiary packing of KMP11.
Indeed, upon interacting with DPC micelle, KMP11 suddenly has very different HSQC spectra. At a molar ratio of 1 : 50 (KMP11 : DPC), some new peaks manifested while existing peaks also showed shifts ( Fig. 2A) . Most radically, at a ratio of 1 : 100, many new peaks manifested (Fig. 2B) ; and at 1 : 200 only shifts of some peaks were observed (Fig. 2C ). Further addition of DPC micelle up to 1 : 300 (KMP11/DPC) triggered no significant further changes of HSQC peaks (Fig. 2D) . Taken together, CD and NMR results suggest that KMP11 did interact with the membrane mimetic DPC micelle. Most importantly, although the interaction with DPC micelle only induced minor changes of secondary structures of KMP11, HSQC peaks of almost all residues could be detected, thus allowing us to conduct further highresolution NMR studies.
We also characterized the interaction of KMP11 with bicelle composed of DMPC/DHPC [26] .
Interestingly, similar to what was observed for the interaction of KMP11 with DPC micelle (Fig. 1A) , the far-UV CD spectra of KMP11 only showed very minor changes in the presence of bicelle at different ratios (Fig. S3A) . On the other hand, at a ratio of 1 : 50 (KMP11 : bicelle), some HSQC peaks shifted while some disappeared (Fig. S3B ). Further addition of bicelle led to disappearance of more HSQC peaks (Fig. S3C,D) . The results imply that KMP11 might become associated with the large bicelle, consequently their HSQC peaks became too broad to be detected due to shortening of their T2 values [26] .
Residue-specific conformation of KMP11 in DPC micelle
As currently, it is impossible to gain high-resolution insight into the KMP11 structure in liposomes or bicelles by liquid NMR spectroscopy, here we aimed to determine the three-dimensional structure of KMP11 in DPC micelle. First, using the same NMR approach we previously utilized to study TDP-43 prion-like domain in DPC micelle [26] , we have successfully achieved sequential assignments of KMP11 in DPC micelle by analyzing three-dimensional NMR spectra including HN(CO)CACB, CBCA(CO)NH, HSQC-TOCSY (total correlation spectroscopy), and HSQC-NOESY (nuclear Overhauser effect spectroscopy). HSQC peaks of all the residues except for the N-/C-terminal and three Pro residues have been assigned, while the side-chain resonances of Pro could also be assigned. Interestingly, Gly91 and Lys92 immediately after Pro90 appear to have several conformations as evident from the observation that two HSQC peaks were observed for Lys92 and three for Gly91 (Fig. S4) . Figure S5A presents the (DCa-DCb) chemical shifts of KMP11 in DPC micelle, which represents a sensitive indicator of the secondary structures in both folded and disordered proteins [26, 38] . Noticeably, KMP11 in DPC micelle has large and positive (DCaDCb) chemical shifts over many residues, indicating that these residues form a-helical conformation (Fig. S5A) . Indeed, further analysis of NH, 15 N, Ha, Ca, and Cb chemical shifts by SSP program [39] shows that KMP11 appears to have several a-helical regions (Fig. S5B) . Remarkably, these a-helical regions consistently manifested many characteristic NOE connectivities: d NN and d aN (i, i + 4) , which typically define a-helical conformation (Fig. 3) . Interestingly, residues F29-E43 appear to be lacking of any stable secondary structures as evident by its chemical shifts (Fig. S5A ) and SSP profile (Fig. S5B ), completely consistent with the sequence-based prediction (Fig. S1B) .
Three-dimensional structure of KMP11 in DPC micelle
We successfully determined the three-dimensional structure of KMP11 in DPC micelle by CYANA program [31] with the same protocol we previously used for determining the structures of the TDP-43 prion-like domain in DPC micelle [26] , with input of 156 TALOS-based dihedral angle and 557 NOE-derived distance including 289 sequential, 237 medium-and 30 long-range restraints (Table 1 and Fig. S6 ). Fifteen NMR structures with the lowest target functions were selected for further refinement with AMBER force field and the calculation statistics and structure quality are summarized in Table 1 . However, as shown in Fig. S4 , many HSQC peaks are clustered together with significant overlaps. Consequently, the intensity of some NOE connectivities could not be measured precisely and this led to the result that some residues (1.2%) were located in the disallowed regions of Ramachandran plot (Table 1) .
Unexpectedly, in contrast to the previous model consisting of only two long helices, the NMR structure of KMP11 adopts the classic four-helix bundle fold, composed of four a-helices over residues A2-L15, A17-A32, P42-E57, and T59-Q88 (Fig. 4A,B) . As seen in Fig. 4A , four helices are well-defined in the 15 selected NMR structures, while the loop residues D33-S41 and C-terminal residues Q88-K92 without stable secondary structure have different conformations in different selected structures. The RMS deviations over the secondary structure regions are 0.8, 1.2, and 1.5
A respectively for the backbone, heavy and all atoms of KMP11 (Table 1) . Furthermore, as universally observed for other four-helix bundle folds including cytochrome, ferritin, human growth hormone, cytokine [40] , all four helices of KMP11 are also relatively long (> 10 residues) and amphipathic. The hydrophobic/ aromatic residues of KMP11 are buried together to form the interior core to stabilize the packing of four helices in an antiparallel manner, while the charged residues are exposed to the bulk solvent (Fig. 4C) . Interestingly, one side of the KMP11 structure is highly electrostatically negative (Fig. 4D) , whereas the opposite side contains several hydrophobic patches, which may be involved in interacting with membrane lipids (Fig. 4E) .
To explore the residues interacting with DPC micelle, we utilized paramagnetic relaxation enhancement (PRE) to assess the solvent accessibility of the KMP11 structure in DPC micelle [29] . Briefly, the NMR HSQC peaks of the amide protons accessible to the paramagnetic reagent will be significantly broadened due to PRE and consequently their intensity will be reduced (Fig. 5A) . In the present study, we used two paramagnetic reagents: namely Gadodiamide and Mn 2+ . Gadodiamide is a common MRI agent only restricted to the aqueous environment due to its large size (Fig. 5B) , while Mn 2+ is even able to diffuse into the polar headgroup phase of DPC micelle due to its small size. As such, upon adding Gadodiamide, the residues with intensities of their HSQC peaks significantly reduced are those exposed to the solvent. As seen in Fig. 5A , upon adding Gadodiamide to a final concentration of 10 mM, the intensities of many residues significantly reduced. However, three regions over the KMP11 sequence, namely A2-Y5, F31-E43, and K85-G91, have their HSQC peak intensities much less reduced than the rest, implying that these regions are most likely to be embedded in DPC micelle. Upon mapping back these residues back to the structure (Fig. 5B) , an interesting picture emerges: the three well-separated regions in sequence constitute a continuous surface at the bottom of the KMP11 structure (Fig. 5C ). Among these residues, many are hydrophobic or aromatic, which include N-terminal residues M1 and A2; loop residues F31, A32, A38, and L40; as well as C-terminal residues F89 (Fig. 4C) . Furthermore, there are two basic residues K85 and K93 in the C-terminus (Fig. 4C) . Previously, these basic residues have been extensively implicated in interacting with membranes, particularly with the polar headgroup phase [41] . Additionally, three Pro residues, namely P35, P42, and P90 may also play an important role in interacting with membranes as previously shown [42] . On the other hand, however, upon adding Mn 2+ to a concentration of only 2.5 mM, intensity ratios of all residues radically reduced and became smaller than 0.2 (Fig. 5A ). Further addition of Mn 2+ to a concentration of 5 mM led to the complete disappearance of all HSQC peaks of KMP11 in DPC micelle. This result clearly suggests that the above-identified regions in Fig. 5B ,C are most likely to be only embedded in the polar headgroup phase of DPC micelle, and no KMP11 residue appears to insert deeply into the hydrophobic hydrocarbon phase.
Discussion
Kinetoplastid membrane protein-11, a major protein located on the membrane surface of all kinetoplastid protozoans causing Leishmaniasis and Chagas' diseases, shows a significant evolutionary conservation of their amino acid sequences (Fig. S1A) , thus suggesting their structural and functional similarities. Strikingly, all KMP11 proteins show very low homology with human proteins [43] . Most importantly, they have a strong antigenicity for murine and human T-cells and are capable of stimulating both innate and adaptive immune responses [43] [44] [45] . As such, KMP11 proteins have been identified to be immunological markers for the associated diseases, and also a promising candidate for vaccination target. Therefore, the determination of the three-dimensional structure of KMP11 represents a key step to understand the molecular mechanisms underlying its functions as well as to design better vaccines. Unfortunately, so far only one NMR study was reported on a KMP11 peptide consisting of residues T4-L12 [19] and no structure has been determined for the full-length KMP11.
Here by CD and NMR spectroscopy, we studied the structures of KMP11 in both aqueous buffer and membrane mimetics. The results showed that in aqueous buffer, KMP11 assumes a highly helical conformation without stable tertiary packing characterized by broadened NMR signals. Remarkably, upon interaction with DPC micelle, although KMP11 only showed minor changes of its secondary structures, it rearranged to form a defined structure. As a consequence, we successfully acquired high-quality NMR spectra for determining the three-dimensional structure in DPC micelle. Unexpectedly, by contrast to the previous prediction that KMP11 is only composed of two long a-helices, KMP11 folds into the classic four-helix bundle fold (Fig. 4) . More specifically, four relatively long and amphipathic helices are packed together to adopt the four-helix bundle fold which is stabilized by the interior core formed with hydrophobic/aromatic residues, as universally observed on other four-helix bundle folds [40] . Previously, extensive efforts have been dedicated to mapping out the epitopes of KMP11, and two regions, namely T4-L12 and K76-K92, were identified to be the most important for recognition by sera of the patients. On the other hand, however, the peptides isolated from these regions had much weaker binding affinities to antibodies than the full-length KMP11 [20, [43] [44] [45] [46] [47] . Interestingly, as seen in Fig. 5D , parts of two antigenic regions including T4-Y5 and K84-K92, are largely inaccessible in DPC micelle (Fig. 5E,F) . In light of the structure of KMP11, at least two reasons may account for the much weaker affinities to antibodies of the isolated antigenic peptides: first, the isolated peptides no longer have the ability to form native helix structure due to the loss of tertiary packing with other helices (Fig. 4C) , and consequently became unstructured as evident from previous CD and NMR studies on the peptide (T4-L12) of KMP11, which was highly disordered in aqueous buffer and only formed a helix in the presence of TFE [19] . Second, some antibodies may need to recognize the surface constituted by more than one helix of KMP11 (Fig. 5E) .
Previous functional studies revealed many interesting features of KMP11 but the underlying mechanisms remain elusive. For example, dynamic membraneinteractions appear to be essential for the survival and multiplication of all kinetoplastid pathogens but how the dynamics are achieved remains poorly understood. It has been found that KMP11 prefers binding to lipid rafts on membrane surfaces of macrophages which has high curvatures. After kinetoplastid parasites enter the mammalian host cell via phagolysomomal vesicles, membrane-associated KMP11 will be released as triggered by the changes of membrane curvature when the vesicles fused with the lysosomes [16, 17] . As DPC micelle has a high curvature, the KMP11 structure in DPC micelle might resemble the state bound to the lipid rafts on membrane surfaces. Noticeably, our results reveal that even the interaction of KMP11 with DPC micelle is very dynamic. Therefore, the dynamic interactions of KMP11 with membranes might be partly achieved by utilizing the KMP11 regions of high conformational flexibility, namely N-/C-termini, and in particular the long loop (F31-E43) to interact only with the polar phase of membranes. The critical role of the long loop is highlighted by its extreme conservation: except for the variation between Ala and Ser at residue 38, the other loop residues are identical in all KMP11 proteins from different kinetoplastid parasites (Fig. S1A) . Moreover, the presence of many hydrophobic patches in the KMP11 structure (Fig. 4E ) may also shed light on the previous finding that kinetoplastid parasites could inhibit the antigenic exposure of KMP11 by increasing the membrane fluidity [16, 17] . It is possible that when the membrane lipids become more fluid, the lipid molecules may further bind to the hydrophobic patches of KMP11 beyond the regular membrane-interacting regions (Fig. 5) , and consequently the majority of antigenic regions are covered by membrane lipids and become inaccessible.
In conclusion, by CD and NMR spectroscopy, we have studied the structures of KMP11 in both aqueous buffer and DPC micelle. Strikingly, KMP11 adopts a defined structure in DPC micelle, thus allowing our successful determination of the first threedimensional structure of the full-length KMP11, which, unexpectedly, adopts a classic four-helix bundle fold. Furthermore, the identification of the membraneinteracting regions of KMP11 to be located over the N-/C-termini and long loop of conformational flexibility provides a mechanism to underlie the dynamic interactions of KMP11 with membranes. In the future, it is worthwhile to engineer KMP11 variants which still adopt the same structure but lack the ability to interact with membranes by mutating a minimized set of membrane-interacting residues within the N-, or/ and C-or/and loop residues. These variants are anticipated to act as better vaccines because on the one hand, they own almost all epitopes of the wild-type KMP11 including conformation-dependent ones, whereas on the other hand, these epitopes will not become inaccessible like the wild-type due to its interaction with membranes in vivo.
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